Visual evaluation of the optic nerve has been one of the earliest and most widely used methods to evaluate patients for glaucoma. Photography has proven very useful for documentation of the nerve's appearance at a given time, allowing more detailed scrutiny then, and later comparison for change. Photography serves as the basis for real-time or non-simultaneous review in telemedicine and screening events allowing fundus and optic nerve evaluation by experts elsewhere. Expert evaluation of disc photographs has shown diagnostic performance similar to other methods of optic nerve evaluation for glaucoma. Newer technology has made optic nerve photography simpler, cheaper and more portable creating opportunities for broader utilization in screening in underserved populations by non-physicians. Recent investigations suggest that non-physicians or software algorithms for disc photograph evaluation have promise to allow more screening to be done with fewer experts.
HISTORY OF PHOTOGRAPHY AND OPHTHALMIC PHOTOGRAPHY
The first photographic images were created in the 1800s. At that time, a device called the camera obscura provided a photographic image, but without a way to permanently capture the image. Literally translated in Latin, camera means a chamber or room and obscura means dark. The camera obscura utilized the optical principle that light rays from a bright object travelling through a small aperture into a dark space will project an inverted image of that object onto an opposite surface. These images were sometimes referred to as light paintings. At the time, the camera obscura was a popular tool for drawing and its images could be traced as a means of recording them. 1 It is unclear exactly when and how the first photograph emerged, but Nicephore Niepce, a French inventor, is often credited with capturing the first successful photograph sometime in the mid 1820s. Niepce invented a process by which to capture the image from a camera obscura on bitumen-coated pewter. He partnered with Louis Daguerre to refine the process into physautotype. After Niepce's death in 1833, Daguerre developed the daguerreotype in which light-sensitive silver-plated copper was exposed to images and ultimately sealed behind glass. At around the same time, William Henry Fox Talbot, a British academic, also created a photographic process called calotype as a result of his frustration with the quality of tracings made using a camera obscura. He was able to create negative images on sensitized paper and then contact print the positives.
Hermann von Helmholtz introduced the ophthalmoscope in 1851. In a triumph of medicine, his instrument permitted visualization of the posterior segment of the eye and sparked a massive acceleration in the advancement of ophthalmic knowledge. 2 In the same year, Frederick Scott Archer and Gustave Le Gray invented the collodion process of photography. By 1860, it had almost totally eclipsed the daguerreotype. A colour photography method was invented in 1861. In the early 1860s, the first fundus cameras were under development but image quality was poor. Jackman and Webster first published retinal images of a living human subject in an article for the Philadelphia Photographer in 1886. 3 Their images utilized a camera mounted on the patient's head and a 2 min 30 s exposure time. Despite a prominent corneal reflex, the optic disc was only faintly visible.
Overcoming the impact of reflexes from the cornea and fundus was a major step forward in the evolution of ophthalmoscopy and ultimately optic nerve photography. 4 In 1911, Carl Zeiss Jena produced a large reflex-free ophthalmoscope invented by Alvar Gullstrand. To avoid the corneal light reflex, focused illumination was projected through the lower section of the dilated pupil and the fundus could be viewed through the upper pupil. This instrument laid the foundation for the Nordenson Fundus Camera, which was produced as the Zeiss-Nordenson camera in 1925 and became widely used. 5 During the subsequent few decades, capturing retinal photographs gained in popularity and technology evolved to permit the use of colour film.
5
The light source used for ophthalmoscopy and photography was a fundamental problem with imaging of the posterior segment. The lack of a strong, stable source of illumination impeded development of the ophthalmoscope in the early 19th century.
2 Von Helmholtz's revolutionary first ophthalmoscope used a naked candle flame as the light source. Lamps of various fuels quickly replaced the candle, but by 1879 Thomas Edison was experimenting with incandescent bulbs. In the mid 1880s, electric bulb illumination techniques were being applied to the ophthalmoscope. Short bulb life was a common problem for early application of this new technology. 2 When the Zeiss-Nordenson camera was introduced (in 1925), it used a carbon arc light capable of burning the retina if a mechanical shutter failed to close after the picture was taken. 5 Ogle and Rucker modified the Zeiss-Nordenson camera to involve a high-speed electronic flash tube for imaging the retina and published their results in 1953. Flash exposure time for their device was one ten thousandth of a second, which minimized problems with blinking and eye movement while also being less disruptive to the patient. 6 In 1955, the ZeissLittmann camera was released including electronic flash and improved optics at a less expensive price. 5 Advances in ophthalmic photography continued with the emergence of a 148 field of view camera in 1960 and development of the first digital camera at Eastman Kodak in 1975, ushering in the more modern era of imaging. 3 
OPTIC NERVE PHOTOGRAPHY AND GLAUCOMA SCREENING
Fundus cameras have been used to image the optic nerve to diagnose and monitor glaucoma. 7 Photographic techniques used in optic nerve imaging include monoscopic colour fundus photography of the optic disc, red-free photography of the retinal nerve fibre layer (RNFL) and stereoscopic images. Red-free photos enhance detail of the RNFL highlighting its brightness and texture, which may facilitate identification of RNFL defects. 8 Stereoscopic images consist of photograph pairs of an optic disc separated slightly so they may be fused binocularly giving the appearance of a three-dimensional image. These pairs may be taken simultaneously or sequentially. 9 There are fundamental shortcomings of optic nerve photography and its use in glaucoma screening beyond the technical aspects of image acquisition and resolution. Limited patient cooperation, small pupils, media opacities, the broad range of normal optic nerve appearance and its overlap with pathological findings all reduce the performance of fundus photography in the detection of glaucoma. Furthermore, interpretation of disc photographs is subjective. Therefore, the accuracy and precision of photo interpretation is inherently variable. Standardizing methods for interpretation, for example of the cup-to-disc (C:D) ratio, improves agreement. 8 Studies have shown that inter-observer and intraobserver agreement for identifying glaucomatous features on optic disc photos are relatively good, but imperfect. 8 In addition, optic nerve findings, on examination or using disc photography, may be poor surrogates for glaucoma diagnosis. For example, C:D asymmetry is widely viewed as an optic nerve finding suggestive of glaucoma. However, the positive predictive value of this finding alone for glaucoma diagnosis is poor. In a recent report, data from a large number of disc photos of patients with vertical C:D asymmetry were analysed. In patients with C:D asymmetry ≥0.2, positive predictive value for identifying glaucoma was 7%. 10 Significant discrepancies have been reported even regarding the presence of glaucomatous notching of the nerve. 11 However, in the Ocular Hypertension Treatment Study, review of disc photographs found 128 disc haemorrhages, of which only 21 (16%) were seen on examination. 12 In a comparative effectiveness review of screening for glaucoma, the Agency for Healthcare Research and Quality evaluated numerous screening techniques including optic disc photography. 13 Their review of available literature indicated that the range of sensitivity for identifying glaucoma using disc photography was from 65% to 77% and specificity ranged broadly from 59% to 98%. Generally, efforts to increase specificity of glaucoma diagnosis by optic nerve evaluation tend to sacrifice sensitivity, with both being higher later in disease. 14 The European Optic Disc Assessment Trial aimed to determine the diagnostic accuracy of judging stereoscopic optic disc photographs for glaucoma by ophthalmologists. Correct classification of photos as normal or representing glaucoma was about 80%. 10 That rate of success was achieved with ideal conditions including no time limits for evaluation of photos and unambiguous examples of disease or normality. In a separate study addressing concerns about monoscopic versus stereoscopic grading of the disc for glaucoma, the agreement of expert stereoscopic versus monoscopic disc photography interpretation for differentiating normal and glaucomatous nerves was compared. 15 In evaluating monoscopic versus stereoscopic images, the monoscopic images had similar levels of intra-observer and interobserver agreement for optic nerve features and discrimination of glaucoma likelihood. The authors concluded that for expert observers, monoscopic images did not present a significant disadvantage over stereoscopic images. A similar study in 2001 had similar findings, supporting the use of monoscopic photos. 16 Many studies have shown high sensitivity and specificity for the detection of glaucoma with fundus and optic nerve photography. In a population of eyes with preperimetric glaucoma, Badalà et al. found sensitivity of 90% at a specificity of 95%. 17 Ohkubo et al. found sensitivity of 95% to detect individuals and eyes with glaucoma. 18 Another study found an area under the receiver curve for stereo disc photographic identification of glaucoma of 0.903 with sensitivity of 77%. 19 Stereo disc photography has been shown to perform better for screening than perimetry in some populations. 14 
COMPARISON TO OTHER STRUCTURAL MEASURES
As a screening tool for glaucoma, optic nerve photography has been compared to a host of other technologies, from scanning laser ophthalmoscopes and scanning laser polarimetry to optic coherence tomography (OCT), and has generally shown similar performance. [20] [21] [22] OCT was introduced in 1991 as a non-invasive, optical method of cross-sectional imaging of the optic nerve and the retina. 23 Since then, OCT technology has risen to the forefront of ocular imaging because of its ability to deliver high-resolution, reproducible, quantitative assessment of the retinal layers affected by the disease. 24 Modern devices have the capability of reproducible registration, advanced segmentation algorithms and rapid data acquisition. In addition to nerve fibre layer thickness, other parameters including neuroretinal rim area, C:D ratio, macular ganglion cell layer and inner plexiform layer thickness can be determined to aid in glaucoma diagnosis and detection progression. 25 OCT has exhibited good diagnostic accuracy and its use in community-based glaucoma screening is promising. [26] [27] [28] OCT when used alone exhibited better internal agreement among clinicians compared to visual field (VF) and disc photography. 28 Time-domain OCT has shown moderate sensitivity and high specificity for definitive glaucoma at 67% and 96%, respectively. 29 Spectral-domain OCT (SD-OCT) has shown similar outcomes with slightly improved sensitivities. 30, 31 By comparison, the diagnostic accuracy of non-mydriatic fundus photography is similar with 72-79% sensitivity and 80-88% specificity. 32 In one study where glaucoma diagnosis was based on SD-OCT and VF, disc photos analysed by glaucoma specialists differentiated glaucoma and glaucoma suspects from healthy controls with excellent accuracy (P < 0.001). The same study demonstrated that clinical features on photography explained 68% of the total variance of the diagnosis based on SD-OCT and VF. 33 It is important to note that OCT does not replace fundus photography in glaucoma screening and diagnosis. The two imaging modalities complement one another. As noted above, used in conjunction with SD-OCT and VF, disc photos improved diagnostic accuracy and reduced variability. 33 Conversely, the use of disc photographs as reference standard yielded higher levels of specificity compared with VFs. 34 Qualitative analysis such as colour changes seen in pallor and disc haemorrhages is lost in OCT scans. Detection of these diagnostic findings is enhanced with fundus photography. 12 Advances in computer photo analysis such as alternating flicker and automated localization and segmentation may reduce subjectivity and interobserver variability. 35, 36 A detailed discussion on automated photo analysis is discussed in another section below.
NEWER ALTERNATIVES TO FUNDUS CAMERAS
The traditional fundus camera utilizes monofocal indirect ophthalmoscopy to resolve images. These cameras are table mounted and bulky. Complex optics contribute to size, expense, the need for a trained technician and a lack of portability making these devices less well suited for screenings. Nonmydriatic fundus cameras permit image capture without pupil dilation and facilitate quick and easy photography of the posterior segment, but often share many of the characteristics limiting their widespread use outside of ophthalmic offices. Panwar et al. published an excellent review of specific models of newer ophthalmic photography equipment from miniature table-top models to handheld and smartphone-based options. 3 New developments in handheld fundus cameras incorporate low cost optics and digital technology to facilitate photographing patients without requiring them to be seated and in circumstances unsuitable to a larger table-top device. Recent devices designed to be used with smartphone cameras have further reduced costs and increased potential adoption. 3 Jin et al. constructed their own portable non-mydriatic fundus camera and compared it to a traditional, table-top fundus camera. 37 The image quality was graded for both devices, with similar levels between the two methods, and similar ability to detect fundus findings.
Mydriatic smartphone fundus photos using a handheld 20 diopter lens have been compared to traditional fundus cameras, with similar ability to identify pathology, but results somewhat dependent of the experience and training of the user. 38 A portable smartphone physically coupled with a 20 diopter lens (requiring less skill and dexterity than the handheld lens approach) has also been used for fundus imaging, but without testing specifically for glaucoma detection. 39 Nazari et al. published on their technique for this approach. 40 Russo et al. created an optical device that attaches to smartphones magnetically allowing capture of 20 fundus photos. 41 Shanmugan et al. reviewed the strengths and weaknesses of alternatives cameras, including handheld video cameras and nasal endoscopes, that can be adapted to portable fundus imaging, and published a separate review of smartphone imaging. 42, 43 Ludwig et al. published on a three-dimensional printed adapter between 20 diopter lens and smartphone. 44 Results were very good, with nine users capturing hundreds of images and videos with good quality, and high levels of agreement with existing clinic cameras (84.4% posterior for posterior findings). Bastawrous et al. reported on similar technology used over 6-year period in Kenya with thousands of optic nerve images read by the Moorfields Eye Hospital Reading Centre. 45 They reported excellent image quality and agreement with a lay and professional photographers, and in comparing the handheld approach to a desktop model.
NEWER NON-MYDRIATIC AND HANDHELD CAMERAS
Camera technology has advanced tremendously. High quality images with quick capture from handheld non-mydriatic cameras make it appealing to apply these devices for glaucoma screening. However, application of this technology in glaucoma continues to require skilled observers for analysis, and is also problematic given the inherent limitations of optic nerve analysis for the diagnosis of glaucoma, coupled with the limitations of non-mydriatic, portable imaging.
Hark et al. performed a prospective randomized trial in which subjects at high risk for glaucoma underwent handheld non-mydriatic disc photography (Volk Optical, Mentor, OH, USA), as well as measurement of visual acuity, intraocular pressure and recording of family history at a net cost of $9.77 per participant. 46 Disc photography readers classified subjects as suspicious based on the following nerve features: vertical C:D ratio was >0.65 on average for large discs or >0.5 in small discs, rim width was <0.2 in any area (including optic disc notches), vertical C:D asymmetry of >0.2 between eyes and any disc haemorrhage, nerve fibre layer defect, or beta zone peripapillary atrophy (PPA) in association with suspicious rim thinning.
Of the 906 subjects, 258 (28.5%) were found to have suspicious discs and 155 (17.5%) had unreadable images. Additionally, 102 (11.3%) were diagnosed with diabetic retinopathy and 68 (7.5%) were diagnosed with other retinal abnormalities.
A similar camera was used by Woodward et al. to investigate the use of a portable handheld camera for anterior and posterior segment photos to facilitate ophthalmic consultations for patient in the emergency department or hospitalized. 47 The authors found good image quality and expert reader confidence in the ability of the photographs to show pathology (79-86% sensitivity for posterior segment). Photographic interpretation was improved when accompanied by a clinical narrative. In a screening in Nepal, portable non-mydriatic photography yielded similar results in evaluating C:D ratios as did standard mydriatic disc photos. 47 Newer technology continues to contribute to teleophthalmology efforts, but barriers remain to widespread adoption. 48, 49 However, the Scottish Eyecare Integration project was able to utilize teleophthalmology to reduce wait times and make final diagnosis in 20% of cases without direct consultation. 50 In a test of teleophthalmology involving clinical data as well as imaging, virtual review was only found to differ from face-to-face consultation in 3.4% of 204 cases. 51 
ALTERNATIVES TO OPTIC NERVE ANALYSIS BY PHYSICIANS
In 2010, it was estimated that the worldwide prevalence of glaucoma was 60.5 million and numbers are projected to increase to 79.6 million by 2020. 52 With the rapidly increasing burden of disease, there is concern that it will outpace the supply of available resources and glaucoma specialists.
Telemedicine holds promise to help improve access and efficiency of glaucoma care. The advent of non-mydriatic and portable fundus cameras is making ophthalmic imaging more accessible to the community. It has been successfully used for diabetic retinopathy and glaucoma screening. 46 With improved access, the expected surge of fundus images poses a significant logistical challenge, as trained specialists available for manual image analysis are limited. Crowdsourcing has been explored as a potential solution. 53, 54 However, the accuracy reported in early studies is not optimal and expert interpretation remains the gold standard.
Automated fundus photograph analysis is an emerging field in ophthalmology. Designing a computer-assisted assessment for glaucoma poses a significant challenge due to the highly variable and complex appearance of the optic nerve head (ONH). This is reflected by the intra-observer and interobserver variability seen even among experienced ophthalmologists. 55 Moreover, structural variations such as tilted nerves, PPA and poor image acquisition further complicate automated fundus photo processing. 56 Nonetheless, efforts to automate glaucoma assessment of fundus photos have made significant progress. 57 Fundus photograph processing of the optic nerve generally consists of two parts: localization and segmentation. Localization, as its name suggests, is the process of determining the location of the optic nerve. Segmentation is the process of determining the boundaries of the optic disc and optic cup. The detailed technical aspects of these processes are esoteric and beyond the scope of this article. The general concepts behind the methods will be described briefly below.
Localization is critical for efficient image processing by focusing computational resources to the area of the optic disc. Although several methods have been described, in general, two techniques are employed to localize the optic disc. The first technique recognizes the confluence of blood vessels as a guide to determining the location of the ONH. 58 The second technique estimates the centre of the optic disc by detecting the brightest circular area utilizing a variation of Hough transform, a common feature extraction technique used in digital image processing. 59 Optic disc segmentation is the process of identifying the boundary that separates the ONH from surrounding retinal tissue. Several protocols have been described. However, many of the algorithms are limited due to variability of the ONH. Generally, most segmentation techniques are based on circular Hough transform and excellent results have been reported. 60 However, elliptical or oval-shaped optic nerves that are often encountered in the clinical setting are not compatible with the circular approach. Yin et al. introduced a method that combined edge detection, circular Hough transform and a statistical deformable model that improved disc segmentation performance. 61 Disc edge detection has been further refined by PPA elimination techniques. 62 Image preprocessing techniques such as blood vessel extraction, illumination normalization and contrast improvement have further improved disc segmentation. 63 Optic cup segmentation is significantly more difficult than disc segmentation. This is due to a high density of blood vessels, more subtle colour intensity changes between the cup and the neuroretinal rim and anomalous contours due to glaucomatous damage (i.e. notching). The borders of the optic cup are determined by a combination of colour intensity variation and detection of vessel kinking. 56 Superpixel classification methods have been described as well. 64 Several computerized methods for threedimensional optic disc reconstruction from stereoscopic optic disc photos have been developed. 65, 66 In a stereo image pair, depth is inversely proportional to the disparity between two matching points from the left and right images. Disc margin detection is based on a Hough transform model as described above. Various methods of cup margin detection have been proposed based on the topographic data. Some defined the cup margin at specific depths from the disc margin such as 150 and 120 μm. Others defined the margin as a proportion of the total cup depth such as one-fifth, one-third and onehalf. 3, 37, [67] [68] [69] One group used a hybrid approach defining the cup margins as 150 μm depth while using one-fifth depth for especially shallow or deep cups (<0.2 or >1.0 mm). 66 Stereoscopic measures show promise as an accurate method for optic cup segmentation. Stereoscopic imaging technology requires dilated pupils, has reduced portability and relies on skilled ophthalmic technicians, limiting its role as a glaucoma-screening device.
FUTURE OF AUTOMATED OPTIC NERVE ANALYSIS
Automated optic nerve analysis has captured the attention of many researchers and significant advances have been made. Although promising approaches have been proposed, each methodology has its limitations. Low image resolution has also been cited as a limiting factor. 70 Fundus cameras capable of high-resolution images will further facilitate efforts in automated glaucoma screening. In its current state, automated glaucoma screening systems do not replace, but at best complement, the work of glaucoma specialists. Further research is required and a combination of methods will likely be necessary for accurate ONH analysis.
CONCLUSIONS
One hundred and fifty years of fundus photography have led to the development of the newest fundus cameras, which are portable, non-mydriatic, simpler and easier to use, and more affordable. These characteristics have made these cameras attractive for screening and teleophthalmology, with demonstrated effectiveness. Further advances in interpretation strategies may reduce the need for expert evaluation of fundus images.
